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The poliovirus genome comprises a single open reading frame which is translated to give one large polyprotein. The
proteolytic cascade involved in the processing of this polyprotein is not yet understood in full detail, particularly concerning
the processing of P2–P3, the precursor to the viral nonstructural polypeptides, 2A, 2B, 2C, 3A, 3B, 3C, and 3D. To investigate
the possibility that the cleavage events within P2 and at the 2C/3A junction occur in an ordered fashion, we used oligonucleo-
tide-directed mutagenesis of poliovirus cDNA to modify the 3Cpro-mediated cleavage sites. The Gln residue of the Gln-Gly
sequence at the 2A/2B, 2B/2C, and 2C/3A junctions in the poliovirus polyprotein was replaced by Asn, Glu, Asp, or Lys.
The effects of each of these substitutions were studied in vivo after transfection onto HeLa cells and in vitro in a cell-free
translation assay, using full-length mutated RNA transcripts. Only the mutant with the Glu-Gly sequence at the 2C/3A
junction was viable. Analysis of the in vitro processing profiles showed that the efficiency of the 3C protease cleavage at
any of the sites in P2 was in the following order: Gln-Gly  Glu-Gly  Asn-Gly. No cleavage could be detected with the
Asp-Gly or Lys-Gly sequence at any junction. Lack of 2A/2B or 2B/2C cleavage had no consequences on the cleavage
efficiency at other Gln-Gly sites in the polyprotein. Abolition of cleavage at the 2C/3A junction did not prevent the generation
of the 2A, 2B, and 3CD polypeptides. Thus, these polypeptides could be produced independently of the generation of the
P2 and P3 precursors. q 1996 Academic Press, Inc.
INTRODUCTION between poliovirus 3Cpro and the 3C protease of other
picornaviruses is its narrow cleavage specificity. Poliovi-
Polioviruses (PV) are members of the Picornaviridae
rus 3Cpro cleaves only at Gln-Gly dipeptide sequences
family. Their genome is a single-stranded positive sense
within the viral polyprotein (Hanecak et al., 1982; Kita-
RNA with a single ORF that encodes a large polyprotein
mura et al., 1981), whereas a broader range of amino acid
(247 kDa). Polyprotein processing is required for the tem-
pairs is used by 3Cpro activity from other picornaviruses
poral liberation of the structural and nonstructural pro-
(Palmenberg, 1990). However, it has been shown that the
teins. This mechanism of gene expression is mediated
cleavage specificity of poliovirus 3Cpro is not restricted to
by co- and posttranslational cleavages that use virus-
Gln-Gly. In the context of a polyprotein, some sites can
encoded proteolytic activities (for reviews, see Kra¨us-
tolerate substitution of the Gly residue at the P1* position.
slich and Wimmer, 1988; Wellink and van Kammen, 1988).
For example, viruses with a Gly r Ala or a Gly r Ser
In the case of poliovirus, three distinct types of cleavages
substitution at the 3C/3D site are still viable (Kean et al.,
are known. A cotranslational primary cleavage, carried
1990). Similarly, mutants in which the Gly residue was
out by the 2A proteinase at a Tyr-Gly site at the amino
substituted by Val at the VP0/VP3 or VP3/VP1 junctions
terminus of 2A, releases the P1 precursor to the capsid
were shown to be cleaved (Ansardi and Morrow, 1993;
polypeptides (Toyoda et al., 1986). All other cleavages
Kirkegaard and Nelsen, 1990), although with slower ki-
within the polyprotein are mediated by 3Cpro, the major
netics than at the wild-type site. Furthermore, Gln r Ala
proteinase (Gorbalenya et al., 1979; Hanecak et al., 1982;
or Gln r Leu substitution at the P1 position of the cleav-
Palmenberg et al., 1979), or its precursor, 3CDpro (Jore et
age site within 3CD expressed in Escherichia coli re-
al., 1988; Ypma-Wong et al., 1988a), with two exceptions.
sulted in reduced autocatalytic processing (Harris et al.,
First, an infrequent cleavage by 2Apro occurs at a Tyr-
1992).
Gly dipeptide to generate 3C* and 3D*, the alternative
There are 13 Gln-Gly sites in the poliovirus polyprotein,
products of 3CD. Second, a still unknown mechanism is
but 4 of these are not recognized by 3Cpro. How 3Cpro
responsible for the cleavage of VP0 to VP2 and VP4 at
recognizes the appropriate cleavage sites and how the
the last step of virus maturation. A striking difference
proteolytic cascade is regulated is not clear at present.
On the basis of the analysis of the processing of in vitro
1 To whom correspondence and reprint requests should be ad- translation products, it has been suggested that cleavage
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of the P2–P3 precursor polypeptide at the 2C/3A cleav-2 Present address: Unite´ de Ge´ne´tique mole´culaire des virus respi-
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France. the proteolytic cascade, but rather that the proteolytic
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cascade could alternatively be initiated by the cleavage Gln codon to be obtained during a single mutagenesis
reaction. In addition, the synthetic oligonucleotides con-of P2–P3 at the 2A/2B site (Lawson and Semler, 1992).
Previous kinetic studies have shown that sites 2A/2B, tained a silent mutation (underlined bases). A specific
oligonucleotide (5*GAGGCCTTGTTTAAAGAACCACTC-2B/2C, and 2C/3A are cleaved quasi-simultaneously
when the ribosomes reach the end of 3C, suggesting the CAG3*) was used to mutate simultaneously both codons
at the 2C/3A junction from Gln-Gly to Lys-Glu. Bacterio-lack of a precursor–product relationship between P2 (or
2BC) on the one hand and 2A, 2B, and 2C on the other phage M13-NT-2C-A and M13-NT-2C-B ssDNA were
used as templates for the mutagenesis of the 2A/2B andhand. Furthermore, it has been shown that in the context
of the polyprotein, cleavages within P2 and at the 2C/ 2B/2C or the 2C/3A cleavage sites, respectively. Re-
sulting bacteriophage clones were screened by se-3A junction occur essentially in cis (Kean and Jackson,
unpublished observations). These observations raise the quencing the appropriate region of the ssDNA using the
T7 DNA polymerase sequencing kit (Pharmacia LKB).question as to whether cleavages within P2 and at the
2C/3A junction are interdependent or merely temporally The sequence of each mutated clone was determined
over the entire region used for further cloning steps tocoordinated. To address this question, our approach was
to abolish cleavage by substitution of the Gln residue at verify that no mutation other than those intended had
been introduced.the 2A/2B, 2B/2C, and 2C/3A sites one by one and to
examine the effects of these substitutions on the pro- The mutations were transferred into the full-length po-
liovirus cDNA by a two-step cloning procedure. Initially,cessing of the polyprotein.
the PstI–SpeI fragment (PV nt 3421–3982) and the PstI –
BamHI fragment (PV nt 3421–4600) of pGEM-PV1-NHMATERIALS AND METHODS
were replaced by the corresponding fragments from dif-
Bacterial strains and plasmids ferent M13-NT-2C-A replicative forms (RF) mutated at the
2A/2B or 2B/2C sites, respectively. Alternatively, theBacterial strains E. coli 1106 (803 r0k m
0
k ) and XL 1 blue
NsiI–BglI fragment (PV nt 4834–5324) of pGEM-PV1-NHwere used for propagation of plasmids and bacterio-
was replaced by that from different dsM13-NT-2C-B RFphages, respectively. Plasmid pT7-PV1-BP17 is a tran-
DNAs carrying 2C/3A site mutations. The sequence ofscription vector harboring a full-length cDNA copy of po-
the resulting plasmids were verified over the mutagene-liovirus type 1 (Mahoney strain). It was derived from pT7-
sis and insertion sites. In a second step, the mutagenizedPV1-52 (Marc et al., 1989) by substitution of the BglII –
fragments were transferred into plasmid pT7-PV1-BP17PvuII fragment (PV nt 5601–7053) by the corresponding
by substitution of the SnaBI–BglII fragment (PV nt 2470fragment from pKK17 (Kean et al., 1986). Plasmid pGEM-
to 5600). The sequence of each full-length cDNA con-PV1-NH was constructed by insertion of the NheI–HindIII
struct was verified over the mutagenesis site. In addition,poliovirus cDNA fragment (nt 2470–6056) between the
detailed restriction mapping of the plasmids was under-BglII and HindIII sites of pGEM3Zf. Two derivatives of
taken, to ensure that no major rearrangements or dele-bacteriophage M13mp19 containing poliovirus cDNA
tions had occurred. The mutant plasmids were namedfragments from nucleotides 3412 to 4600 (M13-NT-2C-A)
according to the cleavage site of interest and the natureor from nucleotides 4600 to 5601 (M13-NT-2C-B) (Teter-
of the mutated dipeptide. For instance 2A/2B EG and 2A/ina et al., 1992) were used for site-directed mutagenesis.
2B QG in the text refer to pT7-PV1-2A/2B Glu-Gly andRecombinant DNA procedures used were essentially as
pT7-PV1-2A/2B Gln-Gly respectively, i.e., the mutant cod-described (19, Manatis et al., 1982). Restriction and modi-
ing for a Glu-Gly dipeptide at the 2A/2B site and its wild-fication enzymes (Boehringer-Mannheim, BRL, or Bio-
type counterpart.labs) were used as directed by the manufacturers.
In vitro RNA transcription and translation assaysOligonucleotide-directed site specific mutagenesis
and reconstruction of full-length mutant cDNAs
Purified plasmid DNAs were linearized with EcoRI and
transcribed in vitro using T7 RNA polymerase (Phar-Oligonucleotide-directed in vitro mutagenesis reac-
tions were carried out using the Amersham mutagenesis macia) as described (van der Werf et al., 1986) in the
presence of 40 mCi/ml [a-32P]UTP (400 Ci/mmol; Amer-kit (version 2). The following synthetic oligonucleotides
were used to mutate respectively the 2A/2B, 2B/2C, and sham). The yield of RNA was deduced from the percent-
age of radioactivity incorporated and the quality of the2C/3A cleavage sites (Table 1): 2A/2B NKDE (5*GCC-
CATGGAARAMGGCATCACCATCTAC3*), 2B/2C NKDE RNA was evaluated by agarose gel electrophoresis.
Hela cell lysates used to supplement in vitro transla-(5*TATGTCATCAAGRAMGGTGACAGTTGG3*), and 2C/
3A NKDE (5*GAGGCCTTGTTTRAMGGACCACTCCAG3*) tion reactions were prepared essentially as in Morley et
al. (1985) except that cell pellets were frozen at 0707(Igolen, Pasteur Inst.). Each group of oligonucleotides
contained a mixture of bases at two positions (R  A or and lysates were prepared from pooled pellets. Before
use, the lysates were treated for 1 hr at 167 with micro-G; M  A or C), allowing different mutations of a single
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coccal nuclease (150 U/ml: Worthington) in the presence Immunoprecipitation with rabbit sera using protein A –
Sepharose was as described (Bruneau et al., 1983). Inof 0.33 mM CaCl2 , after which the nuclease was inacti-
vated by the addition of 2 mM EGTA. the case of mAbs, the hybridoma culture supernatants
were bound to sheep anti-mouse IgG coupled to a matrixRNA transcripts (10 mg/ml) were translated in vitro for
3 hr at 307 in micrococcal nuclease-treated rabbit reticu- of dynabeads M-280 and immunoprecipitation reactions
were performed according to the manufacturer (Dynal,locyte lysate (Promega) supplemented with 20% HeLa
cell lysate in the presence of 0.6 mCi/ml [35S]methionine Norway). Immunoprecipitated products were analyzed by
electrophoresis on 15% SDS–polyacrylamide gels.and 3.6 mM 2-amino purine. The translation reaction was
terminated by the addition of 10 mg/ml pancreatic RNase
and a further incubation of 15 min. The in vitro translation RESULTS
products were diluted 10-fold in Laemmli sample buffer
Analysis of processing in vitro
(Laemmli, 1970) and boiled for 3 min prior to analysis on
15% SDS–polyacrylamide gels. To determine whether cleavages of the poliovirus poly-
protein mediated by the viral proteinase 3Cpro at sites
RNA transfection and characterization of resulting 2A/2B, 2B/2C, and 2C/3A could proceed independently
viruses of each other or occurred in a fixed order, we replaced
the Gln residue at the P1 position in each QG dipeptideConfluent HeLa cell monolayers (corresponding to 5
at these sites by Asn, Lys, Asp, or Glu residues, respec-1 105 cells) were transfected at 377 with 1–2 mg of full-
tively, as described under Materials and Methods (Tablelength wild-type or mutant RNA transcripts in the pres-
1). All desired substitutions were recovered at the 2A/2Bence of DEAE dextran as described (Marc et al., 1989).
and 2C/3A sites, whereas no Gln r Lys substitution wasFor infection of HeLa cell monolayers, the viruses recov-
recovered at the 2B/2C site.ered from transfected cells were used at an m.o.i. of
Genomic RNA transcripts were translated in vitro for10 PFU/cell. Cytoplasmic extracts were prepared from
3 hr in a reticulocyte lysate system supplemented withinfected cells by lysis with NP-40 (Marc et al., 1989) and
HeLa cell extracts as described under Materials andtotal cytoplasmic RNAs were purified by phenol:chloro-
Methods and the processing of the polyproteins wasform extraction before use for direct sequencing of viral
analyzed by SDS–PAGE.RNA, as described previously (Fichot and Girard, 1990).
In the case of the QG r EG substitution, cleavage wasFor replication assays, cytoplasmic RNAs were ex-
almost normal at any of the 2A/2B, 2B/2C, and 2C/3Atracted from cells at various times after transfection, de-
sites, as judged by the yield of 2A and 2BC for the 2A/natured, immobilized onto a nylon filter (Hybond N, Amer-
2B cleavage site mutant, 2C for the 2B/2C mutant, andsham), and hybridized to a 32P-labeled riboprobe comple-
P2, P3, 2BC, and 2C for the 2C/3A mutant (Fig. 1). Thementary to nucleotides 3417 to 4830 of the viral RNA, as
NG dipeptide was also recognized to some extent whendescribed (Marc et al., 1989).
located at the 2A/2B or 2C/3A sites but it was very poorly
recognized at the 2B/2C site (2C was visible as a faintLabeling of infected cells with 35[S]methionine
band on the original autoradiograph). The QG r DG sub-
Hela cell monolayers were infected at an m.o.i. of 10– stitution totally abolished cleavage by 3Cpro at the 2A/2B
15 PFU/cell and incubated at 377 in the presence of (absence of 2A; the presence of 2AB could not be as-
actinomycin D (2.5 mg/ml, Calbiochem). The cells were sessed as it comigrates with VP3) and 2B/2C (absence
incubated in methionine-free medium for 30 min before of 2C) junctions but not at the 2C/3A junction. When QG
labeling with 30 mCi/ml of [35S]methionine (1000 Ci/ was substituted by KG or KE at the 2C/3A site, the cleav-
mol; Amersham). Cells were either labeled for 1.5 hr at age was severely impaired because 2C could not be
3, 4.5, or 6 hr postinfection or pulse labeled for 15 min visualized (even on overexposed gels) and P2 was barely
and then chased with cold methionine (2 mg/ml) for 10, detected.
20, 30, or 45 min. Cytoplasmic extracts were prepared Furthermore, compared to the wild-type processing
as previously described (Bellocq et al., 1987) and ana- profile, four unusual products could be visualized in the
lyzed on 15% SDS–polyacrylamide gels. case of the 2C/3A mutants (Fig. 1, arrows). Intriguingly,
high levels of a product which comigrated with 2BC were
Immunoprecipitation of [35S]methionine-labeled PV1
observed for all 2C/3A mutants irrespective of the amino
proteins
acid substitution (Fig. 1). To clarify the identity of this
product and of the unusual translation products, immuno-Proteins synthesized in vitro or labeled in infected cells
with [35S]methionine were immunoprecipitated using rab- precipitation reactions were performed using anti-2B,
anti-2C, anti-3AB, and anti-3D antibodies (Fig. 2). SDS–bit antisera directed against viral polypeptides 2C or 3D
(a gift from E. Wimmer) or monoclonal antibodies (mAbs) PAGE analysis of the immunoprecipitates confirmed that
P2, 2BC, 2C, and P3 products were present at quasi-raised against 2B or 3AB, the latter recognizing a 3A
epitope (gifts from K. Bienz and E. Wimmer, respectively). normal levels compared to the wild-type (QG) in the case
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TABLE 1
Characteristics of the Mutants Obtained after Mutagenesis at the 2A/2B, 2B/2C, and 2C/3A Cleavage Sites
cDNA AA
Sites sequencea sequence Virus productionb RNA sequencec Observations
2A/2B CAA-GGC Q-G / (18 hr)d CAA-GGC Wild-type control
GAA-GGC E-G / (3 days) CAA-GGC Primary site revertant
AAC-GGC N-G 0 NAe Lethal
GAC-GGC D-G 0 NA Lethal
AAA-GGC K-G Occasionally CAA-GGC Primary site revertant
2B/2C CAA-GGT Q-G / (18 hr) CAA-GGU Wild-type control
GAA-GGT E-G / (2 days) GAA-GGUf Heterogeneous plaque size
Small
Medium
CAA-GGU Primary site revertant
AAC-GGT N-G 0 NA Lethal
GAC-GGT D-G 0 NA Lethal
2C/3A CAA-GGA Q-G / (18 hr) CAA-GGA Wild-type control
GAA-GGA E-G / (30 hr) GAA-GGA Viable (medium plaque)
AAC-GGA N-G 0 NA Lethal
GAC-GGA D-G 0 NA Lethal
AAA-GGA K-G Occasionally CAA-GGA Primary site revertant
AAA-GAA K-E 0 NA Lethal
a Sequences encoded by the plasmids. The mutations are underlined.
b Virus production after transfection of mutant RNA transcripts onto HeLa cells maintained at 377 in liquid medium. (/): total c.p.e; (0): no c.p.e.
c The viral RNA sequence was determined as described under Materials and Methods.
d Time at which c.p.e. was complete. The presence of infectious virus was verified by titration using standard plaque assays.
e NA, not applicable.
f An additional mutation was found in the viral RNA.
of the 2C/3A EG mutant, whereas in the case of the 2C/ of the 2C/3A KG mutant all reacted with anti-2C antibod-
3A KG mutant, no P2, 2C, or P3 could be observed (Fig. ies. Some of them also reacted with anti-3D and/or anti-
2). The unusual translation products observed in the case 3AB antibodies. These unusual translation products
could thus be polypeptides spanning the 2C/3A junction.
In addition, the polypeptide which comigrated with 2BC
in the case of the 2C/3A KG mutant was shown to react
with both anti-2C and anti-3AB antibodies but not with
anti-2B antibodies (Fig. 2). According to its size, this prod-
uct could thus be polypeptide 2C3AB. In the case of the
2C/3A EG mutant, a low level of this product could also
be visualized by immunoprecipitation with anti-3AB anti-
bodies, (Fig. 2). Therefore, even for this mutant, for which
cleavage appeared to be normal as judged by the levels
of P2, P3, 2BC, and 2C, the cleavage at the 2C/3A junction
was slightly impaired.
The effects of 2A/2B, 2B/2C, and 2C/3A cleavage defi-
ciencies on the overall processing of the P2–P3 region
can be summarized as follows. In the case of the 2A/2B
KG mutant, all products resulting from 3Cpro cleavages
were present at normal levels except for P2, the level of
FIG. 1. In vitro translation and processing of polyproteins altered at which was increased. Surprisingly, the levels of the 3C*
the indicated 2A/2B, 2B/2C, or 2C/3A junctions. Full-length transcripts
and 3D* polypeptides that result from the alternativeprepared from pT7 PV1-BP17 (wt) or from mutated derivatives of this
cleavage of 3CD by 2Apro were found to be slightly in-plasmid were translated for 3 hr at 307 in a reticulocyte lysate supple-
mented with an uninfected HeLa cell lysate (see Materials and Meth- creased (Fig. 1). For the 2B/2C cleavage deficient mu-
ods). The translation products were analyzed by electrophoresis on a tants, apart from the increase of the level of 2BC, all
15% SDS–polyacrylamide gel. Unusual products are indicated by other products were present at normal levels. Thus, thearrows. The positions of wild-type poliovirus proteins (derived from the
lack of cleavage at the 2A/2B or 2B/2C sites had no majorP2 and P3 regions of the polyprotein) from infected HeLa cells run in
parallel are indicated (M). consequences on the cleavage efficiency at other QG
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FIG. 2. Immunoprecipitation of the translation products from the 2C/3A QG (wt), EG, or KG mutants. Immunoprecipitations were carried out with
anti-2C, anti-3D, anti-3AB, or anti-2B antibodies as described under Materials and Methods. Unusual products are indicated by arrows. The positions
of wild-type poliovirus proteins from infected HeLa cells run in parallel are indicated (M).
sites in the polyprotein. In the case of the 2C/3A KG site revertants that had retained the original mutation,
some of which could be mapped in the vicinity of themutant, the cleavages at other sites appeared to be nor-
mal, as evidenced by the levels of 2A, 2B, and 3CD prod- cleavage site in the P3 (I r F) or P4 (V r A) position.
Only the 2C/3A EG mutant gave rise to a viable anducts. Taken together, these results show that cleavage
events at 2A/2B, 2B/2C, and 2C/3A could occur indepen- stable virus with a medium plaque size phenotype.
The differences in viability of the 2A/2B, 2B/2C, and 2C/dently of each other. No evidence for any priority of a
given cleavage could be found with the in vitro system 3A EG mutants were surprising in view of the respective
efficiencies of the cleavage at the mutated sites in vitro.used.
We investigated whether the RNA of these mutants repli-
cated in transfected HeLa cells. As shown in Fig. 3, noInfectivity of mutant RNA transcripts
replication of the 2A/2B EG mutant could be detected
To study the effects of the substitutions in P2 on virus during the first 48 hr after transfection. The late occur-
viability, HeLa cells were transfected with the full-length rence of replication most likely corresponds to the ap-
mutated RNA transcripts and the occurrence of a cyto- pearance of revertants. The 2B/2C EG and 2C/3A EG
pathic effect was monitored (Table 1). Genomes which mutants were found to replicate with a delay in kinetics,
carried the NG or DG codon substitution did not give
rise to viable viruses, irrespective of the site that was
mutagenized. These replacements thus appeared to be
lethal for virus growth. After transfection with 2A/2B KG
and 2C/3A KG mutant RNA transcripts, virus could occa-
sionally be recovered. This was a sporadic event oc-
curring in about 50% of the plates transfected. However,
when the RNA of these viruses was subsequently se-
quenced in the region of the mutations, it was found to
code for the QG wild-type dipeptide, indicating that the
recovered viruses were primary-site revertants. Surpris-
ingly, the 2A/2B EG mutant was not infectious despite
the fact that its processing in vitro was normal. However,
in all transfections this mutant gave rise to primary site
revertants. The possibility that such viruses arose from
FIG. 3. Replication of mutated transcripts. HeLa cell monolayers (5a contamination by wild-type virus could be ruled out
1 105 cells) were transfected with approximately 1 mg of genomicsince they all carried the silent mutation which had been
transcripts made from the indicated plasmids linearized with EcoRI. At
introduced at the time of mutagenesis. The 2B/2C EG the indicated times after transfection, cytoplasmic RNAs were ex-
mutant systematically gave viruses with heterogeneous tracted, bound to a nylon membrane, and hybridized to a 32P riboprobe
as described under Materials and Methods.plaque size which were either true revertants or second-
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FIG. 4. Cumulative protein synthesis in cells infected with the 2C/3A EG mutant. HeLa cells infected at 377 with wild-type QG poliovirus or with
the 2C/3A EG mutant were labeled for 1.5 hr with [35S]methionine at 3, 4.5, and 6 hr postinfection. Aliquots corresponding to 105 cpm were analyzed
on a 15% SDS–polyacrylamide gel either directly (A) or after immunoprecipitation with antibodies directed against 2C, 3AB, or 2B (B). Unusual
polypeptides are indicated by arrows. The positions of wild-type poliovirus proteins from infected HeLa cells run in parallel are indicated (M).
especially the 2B/2C EG mutant. Thus, the lack of viability anti-2C as well as anti-3AB antibodies but not by anti-
2B antibodies. In view of its size, this product could corre-of the 2A/2B and 2B/2C EG mutants correlated with a
spond to polypeptide 2C3A. Another protein that comi-defect in RNA replication.
grated with 2BC was also immunoprecipitated by the
Analysis of the proteins synthesized in the 2C/3A EG anti-3AB antibodies but not by the anti-2B antibodies,
mutant-infected cells suggesting that it might correspond to 2C3AB. Additional
polypeptides that migrated between 3D and 2BC were
In an attempt to determine whether the medium plaque also found to be immunoprecipitated, albeit weakly, by
size phenotype and the delay in replication of the 2C/3A anti-3AB, anti-2B, and, as could be seen on the original
EG mutant resulted from a defect in protein synthesis autoradiograph, by anti-2C antibodies. According to their
and/or in polyprotein processing, we analyzed the cumu- size, these additional products could tentatively be identi-
lative protein synthesis in infected cells labeled for 1.5 fied as 2BC3A and 2BC3AB, although it cannot be formely
hr with [35S]methionine at 3, 4.5, or 6 hr postinfection excluded that they might represent aberrant polypeptides
(Fig. 4A). The overall level of viral protein synthesis, as resulting from the use of cryptic cleavage sites that are
measured by TCA precipitation of labeled proteins, was not normally processed. Thus, both in vivo and in vitro,
found to be at least threefold less in the case of the 2C/ amino acid substitutions at the 2C/3A site resulted in
3A EG virus than in the wild-type virus. At 3 hr p.i., no the occurrence of polypeptides that spanned the 2C/3A
host cell protein shutoff had taken place in the case of junction.
the EG mutant and viral proteins could hardly be evi- A pulse–chase analysis of protein synthesis in HeLa
denced. The host cell protein shutoff was still incomplete cells infected with wild-type or 2C/3A EG virus performed
at 4.5 hr p.i. and was only achieved at 6 hr p.i. A signifi- at 6 hr p.i. showed that the time course of P1 processing
cant reduction in the level of 2A, P2, 3AB, 3D, and 3C into VP0, VP1, and VP3 during the chase appeared to be
was clearly seen at 4.5 hr p.i. Of these, only a drastic normal. No processing of other potential precursors (P2,
reduction in the amount of P2 was still observed at 6 hr 2BC, P3, 3CD) could be evidenced (Fig. 5). This experi-
p.i. In contrast, the levels of 2C, 2BC, and P3 which were ment confirmed that the cleavage at the 3C/3D junction
also derived from the cleavage at the 2C/3A site ap- seemed to be impaired, as judged by the slower kinetics
peared to be normal. An additional product migrating of appearance of 3C and 3D, whereas cleavages at the
between 2BC and VP0 (arrow in Fig. 4A) was evidenced 2A/2B and 3B/3C sites appeared essentially normal. The
at both 4.5 and 6 hr p.i. The identity of this polypeptide cleavage efficiencies at the 2B/2C and 2C/3A sites are
was determined by immunoprecipitation of the infected difficult to evaluate as the product considered to be 2BC
cell extracts. As shown in Fig. 4B, the polypeptide migrat- comprises a considerable amount of 2C3AB in the case
of the mutant (see above).ing between 2BC and VP0 was immunoprecipitated by
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rus 3CD proteinase has been underlined (Blair and
Semler, 1991; Harris et al., 1992; Pallai et al., 1989). It
should be noted that the wild-type 2B/2C cleavage site
is one of only three QG dipeptides recognized in the
poliovirus polyprotein which does not have an Ala resi-
due in the P4 position (Kitamura et al., 1981). When an
EG dipeptide was introduced at the 2A/2B junction, it
was recognized during in vitro translation reactions, but
did not allow the virus to grow in HeLa cells. It cannot
be excluded at this time that this lack of viability resulted
from a defect of some biological function of 2A or of a
precursor containing 2A such as P2. To date, several
biological functions have been attributed to 2A in addition
to the release of P1: shutoff of cellular protein synthesis
by cleavage of eIF4G (Liebig et al., 1993), a direct role
in replication (Molla et al., 1993), and stimulation of viral
translation efficiency (Ziegler et al., 1995). Alternatively,
the lack of viability could result from an inefficient release
of the mature cleavage products or from a temporal per-
FIG. 5. Pulse–chase analysis of protein synthesis in HeLa cells turbation of the proteolytic cascade.
infected with wild-type or 2C/3A EG virus. HeLa cells infected at 377 The results of in vitro translation reactions show that
with wild-type (QG) poliovirus or with the 2C/3A EG mutant were pulse the specificity of the poliovirus 3C protease vis-a`-vis the
labeled for 15 min with [35S]methionine at 6 hr postinfection and then
cleavage sequence is less stringent than could be imag-incubated with unlabeled methionine for 0, 10, 20, 30, and 45 min
ined from the absolute conservation of Gln-Gly cleavage(as indicated) before cytoplasmic extracts were prepared. Aliquots of
cytoplasmic extracts corresponding to 105 cpm were analyzed on a sites in all poliovirus isolates examined to date. The
15% SDS–polyacrylamide gel. Mock-infected cells served as control. specificity seems to depend on the position of the cleav-
age site within the polyprotein, the 2C/3A site being more
permissive to substitution than either the 2A/2B or 2B/
DISCUSSION
2C sites. Indeed, at the 2C/3A site, the only dipeptides
for which no cleavage could be detected were KG andThe aim of the present study was to examine the possi-
bility that cleavage at one of the 2A/2B, 2B/2C, and 2C/ KE. Furthermore, although no cleavage could be detected
in vitro, slight processing must have occurred in vivo, as3A sites of the poliovirus polyprotein could be a prerequi-
site for proteolysis at the remaining sites. Poliovirus is could be inferred in the case of the 2A/2B KG and 2C/
3A KG mutants from the fact that revertants to the wild-the only picornavirus in which all natural cleavage sites
used by 3Cpro have the sequence Gln-Gly (Palmenberg, type sequence could be obtained. In summary, our re-
sults point to the fact that the primary sequence of the1990). To alter the desired cleavage site, the Gln residue
in the P1 position rather than the Gly residue at the P1* Gln-Gly dipeptide is not the only essential factor contrib-
uting to substrate specificity of the 3C protease. Theposition was substituted by alternative residues, since
residues other than Gly are known to be tolerated in the importance of conformation has already been highlighted
by studies on the cleavage efficiency of Gln-Gly sitesP1* position (Ansardi and Morrow, 1993; Kean et al., 1990;
Kirkegaard and Nelsen, 1990), whereas previous obser- introduced in different structural environments within the
P1 region of the polyprotein (Blair et al., 1990; Ypma-vations underlined the importance of the P1 residue for
proteolytic processing (Harris et al., 1992). Wong et al., 1988b).
It has long been assumed that in the case of poliovirus,The substitution of the QG dipeptide by EG generated
mutant polyproteins that were cleaved efficiently during cleavage of the P2–P3 precursor at the 2C/3A site was
a prerequisite to the further release of mature productsin vitro processing and, when introduced at the 2C/3A
junction, gave rise to a viable virus. Indeed, EG cleavage 2A, 2BC, and 2C. Indeed, only polypeptides correspond-
ing to cleavage of the precursors P2 and P3 are found insites are naturally found in several picornaviruses, such
as certain serotypes of human rhinovirus, and of FMDV appreciable quantities in vitro or in infected cell extracts
(Pallansch et al., 1984; Ypma-Wong and Semler, 1987).(Palmenberg, 1990). Interestingly, the EG dipeptide was
found to be retained at the 2B/2C cleavage site of viable However, under certain conditions, products spanning
the 2C/3A cleavage site have been observed (Dewalt etpolioviruses, in the presence of a second-site mutation.
One second-site mutation found in the genomes of some al., 1989; Lawson et al., 1990; Lawson and Semler, 1991),
suggesting that other proteolytic pathways may be used,of the revertant viruses analyzed was a Val to Ala change
in position P4 relative to the cleavage site. The role of such as the initial cleavage of P2–P3 at the 2A/2B site
(Lawson and Semler, 1992). Kinetic studies of in vitrothe P4 amino acid for substrate utilization by the poliovi-
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2C, 3AB, and 3D antibodies and to Kurt Bienz for the gift of anti-poliovi-translation reactions suggest that cleavage at the 2C/3A
rus 2B antibodies. This work was supported in part by a grant fromsite is concomitant with cleavage at the 2A/2B and 2B/
the Ministe`re de l’Education Nationale, appel d’offre ‘‘Virologie Fonda-
2C sites and that P2 and 2BC products cannot be further mentale.’’
processed (Kean and Jackson, unpublished observa-
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